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The phase stability, elastic properties, electronic structure and thermodynamics properties of ZrPt
compounds are investigated by ﬁrst-principles approach. The calculated formation enthalpies show that
the CrB-type phase at ground state is more stable than that of CsCl-type, which is in good agreement
with the experimental phenomena. The bulk modulus of CrB-type is close to the CsCl-type phase.
However, the shear constant C44 and shear modulus for the former are two times larger than the latter.
Furthermore, we found that the Debye temperature of CrB-type (288.5 K) is higher than that of CsCl-type
(186 K) phase, indicates that the atomic cohesion of the former is stronger than the latter at ground state.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
As the high-temperature and ultra-high temperature structure
materials, the intermetallic compounds are of great interest in
industrial applications [1–3]. Over the last decades, many inter-
metallic compounds such as Ni–Al [4,5], Fe–Al [6,7], Ni–Fe [8,9] are
widely used in aircraft gas turbines and rocket engines et al.
However, the continual increase of the useful temperature of these
superalloys is now near its limit as the operation temperature up
to 90% of the melting temperature. To overcome the limitation,
search for the new ultra-high temperature materials is necessary.
Platinum-group metal alloys (PGMs) and Pt-based alloys are
currently of interest in alloy design for application as high-
temperature materials because of their high melting point
(1769 1C for platinum compared to 1455 1C for nickel), high
strength and exceptional environmental resistance [10,11].
Although these alloys are expensive and heavy, their operation
temperature is about of 1300 1C. Kendall et al. have been released
the phase diagram in Zr-rich side of stoichiometry. Some phases
such as ZrPt, Zr4Pt5 and Zr2Pt3 have been reported [12]. They found
that the melting point of ZrPt4 and ZrPt3 with cubic L12 phase are
up to 1880 1C and 2250 1C compared with the pure Pt (1769 1C),
respectively [13]. Wodinecki et al. reported that the ZrPt compoundr B.V.
x: +86 871 68328945.
Open access under CC BYundergo matensitic transformation from an order (CsCl type) cubic
phase to an orthorhombic phase (CrB type) upon cooling [14,15],
while the temperature of phase transition occurs at the range of
2104–1460 1C. However, the reason for phase transition from high
symmetry to lower remains unclear. ZrPt compounds as the high-
temperature structure materials, the elastic properties include
experiment and theoretical research is scarce. In this paper, we
perform the ﬁrst-principles to study the phase stability, elastic
properties and thermodynamics properties of ZtPt compounds.
The total energies vs. volumes, formation enthalpies, elastic
constants, elastic modulus, electronic structure and Debye tem-
perature are studied in detail. The main purpose of this paper is to
propose some helpful for the future search of the Zr–Pt ultra-high
temperature structure materials.2. Theory and computational details
The low temperature ZrPt phase is an orthorhombic CrB-type
structure (Space group: Cmcm, No:63, a¼3.408 Å, b¼10.300 Å,
c¼4.286 Å) [13]. The Zr and Pt atoms are located at the (0.45, 0.25,
1.00) and (0.146, 0.25, 1.00) site, respectively (see Fig. 1(a)). The
high temperature ZrPt phase belongs to cubic CsCl-type structure
(Space group: Pm-3m, No:221) with experimental lattice para-
meters: a¼b¼c¼3.385 Å [13]. The Zr and Pt atom occupy the 1b
(0.5, 0.5, 0.5) and 1a (0, 0, 0), respectively. Each Zr atoms located in
the center of a cubic conﬁguration of eight Pt atoms at a distance
of
ﬃﬃﬃ
3
p
a=2 (see Fig. 1(b)).
All calculations were performed with CASTEP code [16] based
on density functional theory using a plane-wave pseudopotential-NC-ND license. 
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Fig. 1. The crystal structure of ZrPt compounds. (a) CrB-type, (b) CsCl-type.
Fig. 2. The calculated total energies vs. volumes for ZrPt compounds.
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exchange-correlation function was treated by the generalized
gradient approximation (GGA) [17] and local density approxima-
ton (LDA) [18], respectively. During the geometric optimization, no
symmetry and no restriction were constrained for both the unit
cell shape and atomic position with respect to the Brodygen–
Fletcher–Gplldfarb–Shanno (BFGS) minimization scheme. The struc-
tural relaxation was stopped until the total energy, the maximum
ionic displacement, the maximum stress, and maximum ionic
Hellmann–Feynman force were within 510−6 eV/atom, 0.01 eV/
Å, 510−4 Å and 0.02 GPa, respectively. The k point separation in
Brillouin zone of the reciprocal space was 0.04 nm−1, that is,
968 k-point grids for orthorhombic CrB-type phase, 10
1010 for cubic CsCl-type structure, respectively. The electronic
wave function was expanded in a plane-wave basis set with a well
converged cutoff energy of 400 eV for all cases. The convergence
accuracy of total energy was chosen as 10−5 eV.3. Results and discussion
3.1. Structure information and stability
To search the stability structure, the ground state structure of
CrB-type and CsCl-type structure are obtained by performing LDA
and GGA calculation. The total energies of ZrPt as a function of the
volumes for two different of structure types are given in Fig. 2. It
can be seen that the ZrPt compounds have lower total energies at
equilibrium volume, thus they are believed to be the stable
structure in their ground state. Furthermore, the total energy of
the CrB-type phase at lowest energy is lower than that of the CsCl-
type phase by 0.373 eV/atoms, indicates that the CrB-type phase is
more stable than the CsCl-type at ground state. This result is
consistent with the experiment phenomena.
After obtaining the ground state structures, the lattice para-
meters, elastic properties include elastic constants, bulk modulus
and shear modulus, electronic structure and Debye temperature
are calculated. The formation enthalpies of ZrPt compounds can be
calculated from the following equation:
ΔH ¼ 1
NA þ NB
ðEPt−Zrtotal −NAEPt−NBEZrÞ ð1Þ
where EPt−Zrtotal , EPt and EZr are the ﬁrst-principles calculated total
energies of the ZrPt compounds corresponding to the structure, Pt
with cubic structure and Zr with hexagonal structure, respectively.The calculated equilibrium lattice parameters, volumes, densities
and formation enthalpies for these phases within both GGA and LDA
are listed in Table 1 as compared with available experimental data.
For CrB-type phase, the calculated lattice parameters are in good
agreement with the experiment values [13] while the lattice para-
meters a, b and c are overestimated by about 1.12%, 1.26% and 0.84%
for GGA and underestimated by about 1.35%, 0.57% and 0.84% for
LDA, respectively. For CsCl phase, the calculated lattice parameter a
are underestimated by about 0.80%, 2.75% for GGA and LDA,
respectively. Obviously, the calculated lattice parameters by GGA
calculation are better than that of LDA calculation. As seen from
Table 1, the CrB-type phase has the larger volume and lowest density
compared with the CsCl-type phase.
On the other hand, we found that the calculated formation
enthalpies of PtZr compounds are in good agreement with other
theoretical results [19]. Furthermore, the formation enthalpy of
the CrB type phase is lower than that of the CsCl type phase by
4.69 kJ/Mol, 12.71 kJ/Mol for GGA and LDA, respectively, implies
that the CrB-type phase is a stable phase and the CsCl type phase is
a metastable phase at ground state. This result is demonstrated by
the total energies vs. volumes and experiment.
3.2. Elastic properties
Elastic properties of a material are very important because they
check the mechanical stability, ductile or brittle behavior based on
the analysis of elastic constants Cij, bulk modulus B and shear
modulus G. For example, the bulk modulus [20], measure the
resistance of the volume variation in a solid and provide an
estimation of the elastic response of the materials under the
hydrostatic pressure. The shear modulus [21], describe the resis-
tance of a material upon shape change. For orthorhombic system,
there are nine independent elastic constants: C11, C22, C33, C44, C55,
C66, C12,C13 and C23. The required of mechanical stability in an
orthorhombic system leads to the following equations [22,23],
C1140; C2240; C4440; C3340; C5540; C6640;
C11 þ C2242C12; C22 þ C3342C23; C11 þ C3342C13;
C11 þ C22C33 þ 2C12 þ 2C23 þ 2C1340 ð2Þ
For cubic system, it has three different elastic constants, C11,
C12 and C44. The mechanical stability criteria are given by [24]:
C1140; C4440; C11−C1240;
C11 þ 2C1240;
Table 1
The calculated equilibrium lattice parameters a, b and c (Å). Equilibrium volume V (Å3), density ρ (g/cm3) and formation enthalpy ΔH (kJ/Mol) of ZrPt compounds compared
with the experimental data.
Phase Space group Method a b C V ρ ΔH
ZrPt (CrB) CmCm GGA 3.446 10.430 4.322 38.830 12.244 −66.53
LDA 3.362 10.241 4.250 36.582 12.996 −98.53
Expa 3.408 10.300 4.286
ZrPt (CsCl) PM-3M GGA 3.358 37.835 12.567 −61.84
LDA 3.292 35.613 13.345 −85.81
Expa 3.385
Theob −79.1–105.3
a Ref. [13].
b Ref. [19].
Table 2
The calculated elastic constants Cij, bulk modulus B, shear modulus G (all in GPa)
and B/G ratio of ZrPt compounds by ﬁrst-principle, respectively.
Phase Method C11 C12 C13 C23 C22 C33 C44 C55 C66 B G B/G
CrB GGA 194 111 153 138 325 264 85 92 26 176 66 2.67
LDA 229 124 182 162 326 307 98 108 29 200 73 2.74
CsCl GGA 192 151 32 165 27 6.11
LDA 216 189 40 198 29 6.83
NiAl Cala 172 146 100 154 46
a Ref. [26].
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Taking into account the structure symmetry, here, the poly-
crystalline elastic modulus is estimated by Voigt approximation.
In this approximation, the Voigt bulk modulus (BV) and shear
modulus (GV) are given as the function of elastic constants [25]:
BV ¼
1
9
C11 þ C22 þ C33 þ 2ðC12 þ C13 þ C23Þ½  ð4Þ
and
GV ¼
1
15
C11 þ C22 þ C33 þ 3ðC44 þ C55 þ C66Þ−ðC12 þ C13 þ C23Þ½ 
ð5Þ
The calculated elastic constants Cij, bulk modulus B, shear
modulus G and B/G ratio are listed in Table 2, and compared to
the elastic modulus of NiAl alloy. Obviously, the calculated elastic
constant of the orthorhombic CrB-type and CsCl-type phase satisfy
there stability conditions (see Table 2). As shown in Table 2, the
calculated elastic constants, bulk modulus and shear modulus by
LDA is bigger than GGA. This discrepancy maybe ascribed to the
choice of exchange-correlation function. Furthermore, we found
that the calculated lattice parameters error by LDA is bigger than
that of GGA. The smaller lattice parameters and high total energy
by LDA result in high elastic constants and elastic modulus.
Comparing to the analysis of total energies as a functional of
volumes and formation enthalpies, we conclude that the calcula-
tion results within GGA is better than LDA.
On the other hand, it can be seen that the bulk modulus of CrB-
type phase (176 GPa) by GGA is slightly bigger than 9 GPa,
compared with the CsCl-type phase (165 GPa). However, it is
worth to note that the shear modulus of CrB-type phase
(66 GPa) more than twice as large as the CsCl-type (27 GPa), while
the shear constants C44 for former is more two times bigger than
the latter, indicates that the ZrPt with CrB-type phase exhibit resist
volume deformation and shear deformation. The major reason for
this discrepancy could be the hybridization between Zr and Pt
atoms at grounds state. In addition, we found that the bulk
modulus and shear modulus of CrB-type is 29.9%, 58.7% largerthan that of NiAl alloy, respectively, implies that these ZrPt
compounds have excellent mechanical properties. Unfortunately,
there are no other theoretical or experimental data for comparing
with the present works.
Pugh [27] proposed the ratio of bulk or shear modulus of
materials, B/G ratio as an indication of brittle and ductile behavior:
low G means low resistance to shear, hence ductility while low B
means low resistance fracture, hence brittleness. The critical value
which separates ductile and brittle materials has been evaluated to
be equal to 1.75. If B/G41.75, a material behaves in a ductile
manner, and versa, if B/Go1.75, a material demonstrates brittle-
ness. From Table 2, the ideal ZrPt compounds exhibit ductile
behavior.
3.3. Electronic structure
In order to reveal the nature of phase stability and mechanical
properties, the structure types, metallic bonds and electronic
structure are studied here. As shown in Fig. 1, each Pt atom is
surrounded by near-neighbor ﬁve Zr atoms for CrB-type phase.
Obviously, this structure forms the network Zr–Pt metallic bonds
owing to the interaction between Pt atoms and near-neighbor Zr
atoms. This feature of metallic bonds distribution in CrB-type
phase possible improves resistant shear deformation, strength and
enhances its stability. The bond length of Zr–Pt bonds along a-, b-
and c-axis are 2.926 Å, 2.756 Å and 2.727 Å, respectively. In
addition, the charge accumulation along c-axis is bigger than that
of a- and b-axis, implies that the bond strength of the former is
stronger than the latter. The weak metallic bonds along xy plane
decrease strength comparing to the c-axis However, there is only
one type of Zr–Pt metallic bond (2.851 Å) in CsCl type phase. From
Fig. 1, we found that the bond length of Zr–Pt metallic bonds for
CrB-type is shorter than that of CsCl-type, and the charge accu-
mulation along the Zr–Pt atoms for CrB-type is also larger than the
CsCl-type. This is the major reason why the shear constants C44
and shear modulus G for CrB-type is larger than the CsCl-type.
The total and partial density of states (DOS) for CrB-type and
CsCl-type phase are shown in Fig. 3, where the vertical dotted line
is the Fermi level (EF). From Fig. 3, it can be seen that the valence
bands below the EF originates mainly from the contribution of Zr
4d states and Pt 5d states. However, the DOS proﬁle of CrB-type
(Fig. 3(a)) is different from the CsCl-type (Fig. 3(b)). We found that
the CrB-type phase is more stable than the CsCl-type due to the EF
lies in a minimum of the DOS curves in contrast to the CsCl-type
phase EF lies in a region of slightly high DOS (the DOS is 8.68 eV for
CsCl-type, 4.49 eV for CrB-type phase at EF, respectively), which
demonstrates that the CrB-type for ZrPt compound is more stable
than the CsCl-type at ground state.
Furthermore, the DOS proﬁle of CrB-type from the bottom up to
−6.64 eV to −2.03 eV, the sharp Pt d state dominates the shape of
DOS. From −2.03 eV to the Fermi level, the valence state is rather
Fig. 3. The total partial electronic density of states (TDOS) and partial electronic density of states (PDOS) of the ZrPt compounds, (a). CrB-type, (b). CsCl-type.
Table 3
The calculated density ρ (g/cm3), transverse (vt ), longitudinal (vl), average sound
velocities vm (m/s) and Debye temperature θD (K) of ZrPt compounds.
Phase Method ρ vt vl vm θD
CrB-type GGA 12.24 2322.1 4644.2 2605.0 288.5
LDA 13.00 2369.7 4782.4 2560.0 300.5
CsCl-type GGA 12.55 1466.8 4002.0 1665.5 186.0
LDA 13.33 1475.0 4213.6 1676.5 191.0
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For CsCl-type, however, the electron contribution of Zr and Pt
atoms located in energy ranged from −1.18 eV to 0 eV and −6.51 eV
to −2.59 eV below EF, respectively. The valence bands (VBs) with a
band width of 4.61 eV for CrB-type (See in Fig. 3(a)) become
broaden compared with the CsCl-type, which is a strong hybridi-
zation between Pt-d state and Zr-d state. Note that there is a wide
valley near the EF for CrB-type, implies that the wide separation
between bonding and anbibonding states is a result of strong Zr–Pt
metallic bonds.3.4. Debye temperature
It is well know that the Debye temperature (θD) is an important
thermodynamics parameters, which is related to many physical
properties such as speciﬁc heat, thermal expansion, melting point
et al. In general, the Debye temperature can be obtained from the
average sound velocities vm and unit-cell by the following equa-
tion [28]:
θD ¼
h
kB
3n
4πΩ
 1=3
 vm ð6Þ
where h is the Planck constant, n is the number of atoms in unit-
cell. The average sound velocity in a system, νm is given by [29]:
vm ¼ 13 ð
2
v3t
þ 1
v3l
Þ
" #−1=3
ð7Þ
where νt and νl are the transverse elastic wave velocities and
longitudinal elastic wave velocities, respectively, which can be
expressed by:
vt ¼ G
ρ
 1=2
ð8Þ
and
vl ¼
3Bþ 4G
3ρ
 1=2
ð9Þ
The calculated average sound velocities, transverse, longitudi-
nal and Debye temperature of ZrPt compounds with CrB-type and
CsCl-type are listed in Table 3. As shown in Table 3, the Debye
temperature of CrB-type phase is bigger than that of CsCl-type,
indicates that the atomic cohesion force of CrB-type is stronger
than the CsCl-type. As far as we know, there are no experimental
values or other theoretical data for comparison. We hope that
these results can be provided helpful to the future experimental.4. Conclusions
In summary, the phase stability, structure properties, elastic
properties, electronic structure and Debye temperature of ZrPt
compounds with CrB-type and CsCl-type phase have been inves-
tigated by ﬁrst-principles plane wave pseudopotential calculations
with GGA and LDA calculations. Base on the calculation structure
information and formation enthalpies, we found that the equili-
brium lattice parameters for two types of ZrPt compounds are in
good agreement with the experimental values. The calculated
formation enthalpies show that the CrB-type phase is more
stability than that of CsCl type, and the GGA calculation is better
than that of LDA.
The calculated elastic properties show that the bulk modulus of
CrB type is close to the CsCl type phase. However, the shear
constants C44 and shear modulus for the former is two times
bigger than that of CsCl type. Furthermore, we found that the
mechanical properties of ZrPt compounds are better than NiAl
alloy. In nature, the stability and excellent elastic properties for
CrB-type phase because the strong hybridization between Zr-4d
states and Pt-5d state. On the other hand, the Debye temperature
of CrB-type is higher than that of CsCl-type phase. These calcu-
lated results would be signiﬁcant for the further understand the
ZrPt compounds phase transformation.Acknowledgements
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